The chorda tympani nerve (CTN) is frequently sacrificed in the tympanic segment during middle ear surgery. In patients whose unilateral CTNs are severed, the incidence of postoperative taste dysfunction was reported to be 44% to 80% (1Y3). However, if a severed CTN is readapted or approximated, a regenerated nerve can be observed during secondary surgery such as second-stage surgery or reoperation for middle ear cholesteatoma (4, 5) . The incidence of CTN regeneration in the tympanic segment was 42.3% after nerve repair, and the number of myelinated axons of regenerated CTNs in the tympanic segment was 7.4% to 84.6% of that of healthy subjects (6) . Furthermore, in patients with a completely recovered taste function as measured by electrogustometry (EGM), regenerated taste buds containing taste cells and nerve endings were detected using transmission electron microscopy (7) .
To observe the taste bud, fungiform papillae (FP) should be biopsied. Namely, the taste bud structure can be observed with an invasive method using light or electron microscopy. Recently, noninvasive observation of human fungiform taste bud was reported (8) . The structure of the fungiform taste bud could be visualized using digital confocal laser scanning microscopy in vivo.
The aim of this study was to evaluate whether regenerated fungiform taste buds after severing the chorda tympani nerve can be detected by confocal laser scanning microscopy in vivo. The results were compared with those obtained by conventional light microscopy (7).
MATERIALS AND METHODS

Patients
Six patients aged 12 to 45 years with a normal taste function (Group 1), 9 patients aged 10 to 65 years with gustatory function recovery after severing the CTN (Group 2), and 5 patients aged 9 to 49 years without taste function recovery (no response to EGM; Group 3) were included in this study (Table 1) . Patients in Group 1 had a normal taste function on the contralateral side in Group 2 and had undergone no previous ear procedure ( Table 1) . The above-mentioned age indicates that when the CTN was severed. Because all patients in Groups 1 and 2 were female subjects, female patients were also selected in Group 3. All patients underwent tympanoplasty because of chronic otitis media with or without cholesteatoma between July 1991 and October 2011. In Groups 2 and 3, canal wall up (closed) tympanoplasty or canal wall down with canal reconstruction tympanoplasty was performed in all patients. There was no case with canal wall down (open) tympanoplasty. The duration between severing of the CTN and confocal laser microscopic observation was 100 months (range, 48Y136 mo) in Group 1, 106 months (range, 12Y199 mo) in Group 2, and 170 months (range, 123Y260 mo) in Group 3 (Table 1) .
All patients were informed of the details of the examination and agreed to participate. The study was conducted in accordance with the revised version of the Helsinki Declaration and was approved by our institutional review board (ethical committee of the University of Fukui).
Nerve Repair
The severed CTN was readapted on the temporalis muscle fascia used to reconstruct the eardrum during surgery. When a nerve gap defect was present, proximal and distal ends were approximated on the temporalis muscle fascia almost in their original position without a nerve graft, as reported elsewhere (4, 5) .
Electrogustometry
The CTN function was tested by determining the threshold of electrogustometric stimulation. An electrogustometer (RION TR-06; Rion Co., Ltd., Tokyo, Japan) was used. Electrogustometry is widely used to quantitatively test taste function, and its reliability and validity have been documented in clinical studies (3, 9, 10) . EGM was performed preoperatively, 1 month after surgery, for 1 to 2 years after surgery, and finally before confocal laser microscopic observation. A 5-mm probe was placed on the tongue with the stimulus probe resting 2 cm laterally from the anterior midline and 2 cm posteriorly from the tip of the tongue. This midlateral area is the intrinsic region dominated by the ipsilateral CTN alone (11) . A 500-ms anodal stimulation was presented unilaterally, beginning at -8 dB and proceeding to 34 dB (3Y400 KA) in 2-dB steps (11, 12) . The value of the lowest stimulation at which a metallic or sour taste was perceived was recorded as the threshold value. ''No response'' signifies that the threshold was beyond the measurable range. Because EGM is a subjective test, patient information was not provided to the EGM specialist (Y. K.).
Confocal Laser Scanning Microscopy
For imaging the surface of the tongue, the illumination for the confocal laser scanning microscope (Heidelberg Engineering GmbH) was delivered by a diode laser at 670 nm. The digital confocal scanning microscope (HRT2R) is a combination of the Heidelberg retina tomograph HRT II and the Rostock Cornea Module. Imaging was performed using a water immersion objective lens (Â63). To avoid strong reflections, a contact element with an acryl disc (TomoCap; Heidelberg Engineering GmbH) was connected via contact gel (Siccaforte, Agepha Pharmaceuticals, Austria) with the water immersion objective lens. The depth resolution of the system was about 1 to 2 Km. 
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The size of the field of view in the contact mode was 400 Â 400 Km. The measurement technique and arrangement were published elsewhere (13Y15).
An average of 10 fungiform papillae per patient in the midlateral region of the tongue were stained by 0.5% methylene blue solution under an operating microscope (Â10), as shown in Fig. 1 . The tip of the tongue was pulled anteriorly and inferiorly by the patients themselves in a sitting position (Fig. 2) . The patient was instructed to press the tongue on the objective lens, and a stained FP and the laser beam were adjusted by an examiner. Because involuntary movement of the tongue could not be avoided, manual manipulation of the microscope was indispensable to observe a single FP. When scanning the tongue surface, images were taken by pressing the foot switch and saved electronically. To verify the taste pores, an automated z scan was performed using special software (Eye Explorer Ver. 1.1; Heidelberg Engineering GmbH). The starting point of the z scan was set manually. Every 2 Km, 40 images were automatically taken. Using confocal laser scanning microscopy, taste buds without a taste pore are sometimes detected during the regeneration process of the taste bud in patients with severed chorda tympani nerve (preliminary data). Such a taste bud is considered to be nonfunctional. On the other hand, a taste bud with a taste pore is considered to be functional. Therefore, a taste bud with a taste pore was classified as a regenerated taste bud when detected in a fungiform papilla. Detailed patient information was not provided to the specialist (T. I.) in confocal laser microscopy.
Statistical Analysis
To determine the significance level of the data among groups, the data were analyzed using the Mann-Whitney U test. All analyses were performed using Stat Mate IV for Windows (Atms Co., Tokyo, Japan). A p value of less than 0.05 indicated a significant difference.
RESULTS
Preoperative Taste Function
Preoperatively, the mean EGM thresholds were j4.7 dB in Group 1 (range, j8 to 2 dB), 0.2 dB in Group 2 (range, T. SAITO ET AL.
j8 to 12 dB), and 5.2 dB in Group 3 (range, 2Y10 dB) ( Table 1 ). There was a significant difference between Groups 1 and 2 and between Groups 1 and 3 (p G 0.01), suggesting that the CTN in the tympanic cavity is affected by chronic inflammation, leading to deterioration of the taste function.
Taste Function at the Time Point of Confocal Laser Microscopy One month after severing the CTN in Groups 2 and 3, EGM thresholds showed no response on the surgical side in all patients. At the time of confocal laser microscopy, the mean EGM threshold was j5.7 dB in Group 1 and j1.3 dB in Group 2 ( Table 1 ). There was a significant difference between Groups 1 and 2 (p G 0.01). In Group 3, EGM thresholds showed no response for more than 2 years after surgery. These results indicate that taste function recovery was due to a regenerated CTN and fungiform taste bud.
Confocal Laser Scanning Microscopic Observation
In the control group (Group 1), small taste pores were observed on the surface of the FP. When the focal plane was moved manually or automatically inside the FP, the taste bud structure was identified, and capillary blood vessels were observed at the base of the taste bud (Fig. 3) . Figure 4 shows confocal laser microscopic findings of regenerated fungiform taste bud in 9 patients with gustatory function recovery (Group 2). On the surface of the   FIG. 4 . Confocal laser scanning microscopic findings of taste pores and taste buds in 9 patients with taste function recovery 12 to 199 months after severing the chorda tympani nerve. Bar = 100 Km.
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tongue, some taste buds with small taste pores were observed. In Group 1, 0 to 16 taste buds were observed in each FP. Most of the FP (55 of 69; 79.7%) contained at least 1 taste bud. The mean number of taste bud per papilla was 3.7 T 3.6. In patients with taste function recovery (Group 2), 0 to 8 taste buds were observed in each papilla. In this group, 54 of 94 FP (57.4%) contained at least 1 taste bud. The mean number of taste bud per papilla was 2.0 T 2.2, being significantly lower than that in the control group (Group 1; p G 0.01, Fig. 5 ). These results were similar to those on observing biopsy material using light microscopy (7) (Fig. 6) . The mean number of taste bud per papilla in biopsy material of healthy subjects was 3.8 T 2.2, and that in patients with taste function recovery after severing the CTN was 1.9 T 1.4. In Group 3, without recovery, the FP was atrophied, and no taste bud was observed.
DISCUSSION
In reports concerning the distribution of the fungiform taste bud, a biopsy of the FP from healthy subjects, extraction of the FP, or resection of a 1-cm 2 area of the tongue from autopsy or cadaver material was performed. T. SAITO ET AL.
After observation of serial sections of extracted FP or resected tongue tissue, the number of taste bud was counted. To date, the number of taste bud in each FP on the tongue tip has been reported to be 0 to 27 (16Y20). In the anterior part of the tongue, 56% to 67% of the FP have no taste bud (16Y18). On the tongue tip, the distribution of the taste bud was greater than that on the posterior part (19, 20) . Furthermore, the distribution of FP was greater on the tongue tip. Therefore, the tongue tip has been used to investigate the distribution of the FP and taste bud. However, from the observation of taste function measured by EGM after one CTN was severed, it was suggested that CTN cross-innervate with each other from the contralateral side in the tongue tip. The range of crossinnervation was within 2 cm from the tip of the tongue (11) . In the posterior part of the tongue, on the other hand, the FP are double-innervated by the CTN and glossopharyngeal nerve (11) . Therefore, the area in which morphologic observation and gustatory function tests are performed is very important after one CTN has been severed. In the present study, data from the midlateral region dominated by the unilateral CTN alone were used. For a long period, classical light and electron microscopy has been used for observation of the fungiform taste bud in living humans. However, the specimen has to be taken using invasive methods, as mentioned previously. In our previous study, biopsy of the FP in the midlateral region of the dorsal surface of the tongue was also performed. In patients without taste function recovery after severing the CTN, the FP was atrophied, and taste bud disappeared (7) . In some patients with taste function recovery, the size and distribution of FP on the dorsal surface of the tongue showed an almost normal appearance. Furthermore, regenerated taste buds were detected in the FP using light and transmission electron microscopy. Although the number of taste bud was significantly decreased compared with that in healthy subjects, the gustatory function measured by EGM had completely recovered (7) .
For ethical reasons, noninvasive and in vivo methods will be required to observe taste bud in living human subjects. In this context, an innocuous and nondestructive method was developed in the 1980's to count taste pores in FP of living humans (21) . Taste pores were identified by methylene blue stain. Images of the FP and taste pores were recorded with videomicroscopy. Thereafter, the number of stained taste pores on the surface of the FP was counted on a TV monitor. Histologic examination of rabbit and human cadaver tongues showed that this method was a reliable way to quantify taste bud by counting taste pores on the tongue surface. Thus, the number of taste pores was used as an indication of the number of taste buds. However, the taste bud itself could not be detected using videomicroscopy, suggesting that another noninvasive method is required.
Recently, it was reported that the taste pore and taste bud could be observed noninvasively using digital confocal laser scanning microscopy (8, 15) . This apparatus was developed to observe the surface structure of the cornea (13) . The image is obtained from optical horizontal cross-sections with a diode laser. On the surface of the tongue, the taste pore was visible and entire taste bud structure could be observed from the top to the base by z scan. They observed the taste bud of the tongue tip in healthy subjects and patients who received radiochemotherapy (15) . In their report, the epithelium of the taste bud including nucleus, cytomembrane, and subcellular structures was observed up to a depth of 440 Km in combination with an objective lens facilitating up to 800-fold magnification. From our present study, it was clarified that regenerated taste bud in the midlateral region of the tongue could be observed in vivo in patients with taste function recovery after severing the CTN. As a result, the mean number of normal and regenerated taste bud was similar to that of biopsy material observed by light microscopy, as shown in Figure 6 . From these results, it was indicated that confocal laser scanning microscopy is a reliable tool to observe regenerated taste bud without biopsy.
The advantage of confocal laser microscopy is saving time for analyzing the taste bud structure in comparison with conventional light microscopy. In this study, it took 20 to 30 minutes to record approximately 100 images for 10 taste buds. Another advantage of this method is that it is possible to observe the same FP repeatedly. For instance, it can be used to observe the degeneration process of a single fungiform taste bud after severing the CTN. Such a study is being conducted in our clinic.
CONCLUSION
In conclusion, this is the first report to observe regenerated human fungiform taste bud in vivo after severing the CTN during middle ear surgery. The average number of regenerated taste bud was similar to that in biopsy material observed by light microscopy. Confocal laser scanning microscopy is a useful tool for observing human taste bud noninvasively.
